Two experiments carried out on rat skin flaps are described, where microvascular flow has been measured noninvasively by a laser Doppler velocimeter. Using this technique it is possible to define the limits of an axial pattern flap in terms of microvascular flow; this was found to increase when the flap is elevated. 'Random-pattern' perfusion is defined by a fall in flow. This recovers sequentially along the flap, and at a constant rate at all sites. A differential in microvascular perfusion is thus maintained along a random-pattern flap for at least the first postoperative week. In a second experiment it is shown that there appears to be a linear relationship between the reduction in skin blood flow in a random-pattern flap and the distance from the base at which the measurements are made.
Introduction
The use of pedicled skin flaps in head and neck surgery has recently declined in favour of myocutaneous flaps. The latter seem to offer flaps that are bigger, more robust and reliable and more adaptable. However, our understanding of both in terms of the physiology of their blood flow remains incomplete. In particular, there is little detailed data on what happens to microvascular flow. To date, methods available have tended to assess this indirectly, assuming it is related to the surviving length of a skin flap. More acutely, their perfusion has been assessed by dyes like fluorescein. However, these are not fully accurate visually until 24 hours (Sasaki & Pang 1980 ) and only give one measurement -where effective microvascular flow stops. Input/output flows in island flaps have been able to demonstrate some aspects of whole flap flow, i.e., pressure-flow functions, but reveal nothing as to how the blood is distributed (Cutting et al. 1981) .
This report describes how data acquired using laser Doppler velocimetry (LDV), a newly available technique, can give some insight into the physiological changes in microvascular flow in skin flaps.
Methods
The data were acquired in two separate experiments in which Sprague-Dawley rats were used. The appropriate area of skin was shaved 24 hours prior to the initial flow measurements being taken. Intraperitoneal pentobarbitone was used for anaesthesia when acquiring all flow measurements and for surgery. A Med Pacific LD 5000, a commercially available laser Doppler velocimeter, was used for all the flow readings.
The laser Doppler velocimeter is an entirely noninvasive method of measuring microvascular flow in skin. A 5 mw helium-neon laser produces monochromatic light of a wavelength of 632.8 nm which is transmitted to the skin by a quartz optical fibre. This light, which penetrates to a depth of about 1-1.5 mm, is reflected by both stationary and moving 'Paper read to Section at Laryngology, 4 May 1984. Accepted 23 November 1984 2Present address: Royal Berkshire Hospital, Reading, Berks-RGl 5AN components of the tissue. According to the Doppler principal, light reflected from moving objects (in this case the red blood corpuscles) is phase-shifted, whilst that reflected from the static component is not, and constitutes a reference beam of the original frequency. The phase-shifted and reference components are collected by another optical fibre and transmitted to a photodiode where they interfere, giving an output voltage that is proportional to the total flux of red cells in the volume of tissue sampled (about 1 mm3) (Stern et al. 1977) .
This voltage appears to be linearly related to flow over the entire physiological range for many tissues including skin (Bonner et al. 1981) . Contained within the depth measured will be the capillary loops (up to 400 pm in depth) and the subpapillary plexus which contains variable numbers of arteriovenous anastomoses. The signal does not appear to be significantly attenuated by a small air gap or the layer of keratin.
The instrument is zeroed by placing the probe against a standard grey plastic plate. Flow readings were made by placing the probe just on the skin surface. Any pressure should be avoided as this decreases the reading obtained. A printout is then obtained of real-time microvascular blood flow in the vessels under examination. The mean lowest point of the printout was taken to represent flow for any given site, thus any movement artefacts (e.g. respiratory or extrinsic) were excluded.
Experiment I
In a cohort of 20 rats a cross-abdominal island flap 6 x 3 cm based on the right inferior epigastric neurovascular bundle was used ( Figure 1 ). Eighteen flow measurements, one centimetre apart, were made on each proposed flap prior to surgery. The flap was then raised and immediately sutured back into its original bed. Flow was measured again at various intervals at all 18 sites over the next four weeks.
Experiment 2
A dorsal, cranially-based, random-pattern flap was used. All were 4 cm across and the base sited 1 cm caudal to the scapula tips. The following flaps were raised: 7 of 4 cm length; 10 of 5 cm length; 6 of 6 cm length; 4 of 7 cm length. In each of these, flow was measured at the base and tip of the flap preoperatively and 24 hours later. Flow measurements were taken at three points across the flap at the designated length so a mean value could be obtained. The rats were kept alive for six days to ensure that the whole flap was ultimately viable ( Figure 2 ).
Results
All flow readings incorporated in the results are a mean of three points across the flap, at any given time. This mean has then been expressed as a percentage of the mean preoperative value. In that way the mean and standard error of the mean for the whole group of animals can be graphically displayed together.
Experiment I
The results for the first 48 hours postoperatively are shown in Figure 3 . The proximal half of the flap suffered only a brief fall in flow. Indeed, by five hours it was consistently higher than preoperative levels. From 1-3 hours postoperatively, site 5 appeared to have a slightly higher flow than 6 or 4, but this again was insignificant by 5 hours. (Site 5 anatomically looks as though it receives the first branches from the input vessels and this might explain its slightly higher flow readings.) Throughout the proximal half of the flap, flow rose to about double by the end of the first week, remained little changed during the second week, but had fallen to normal levels by week four (Figure 4) . When looking at the distal half of the flap the results were different ( Figure 5 ). The flow fell as distance increased from the pedicle. Recovery in flow seemed to start proximally. At 14-16 hours flow at site 3 markedly increased and then rose steadily over the next week. Site 2, 1 cm more distal, started its recovery at 24-48 hours, whereas the tip, site 1, did not significantly recover until after 96 hours ( Figure 6 ). Interestingly, all these sites recovered their blood flow at the same rate (about 30% per day) during the Figure 2 . Rat dorsal flaps of various length raised on the backs of rats in Experiment 2. A mean of three sites is taken at each marked length on the flap first week, a constant differential between them remaining. By 14 days this differential had gone. The most distal portion of these flaps, which were tenuously viable, had on average regained their preoperative blood flow within a week. During the following three weeks the whole distal part of the flap showed a raised blood flow which then declined like the proximal flap by week four. Only the very tip remained with a substantially elevated flow at four weeks, without any sign of falling. Conclusions. The method allows by transcutaneous flow detection an assessment of the limits of axial pattern flow in a flap, and at what point this flow starts to decline. It is here that the dependent or random-pattern part of the flap begins. Flow in the axial part of the flap increases on elevation. This is in keeping with previous reports in both rats and dogs using two other methodologies, radioactive microspheres and 131xenon clearance (Guba et al. 1978 , Palmer et al. 1972 ).
There is a sequential recovery in flow values along the random-pattern flap, the distal sites starting to recover later than the proximal ones. This suggests there is a local factor within the flap that regulates recovery in flow, i.e., the opening of collateral vessels secondary to adequate pressure gradients. It is much less easily explained in terms of relaxing sympathetic tone as suggested by Pearl (1981) . (There seems little doubt that the distal half of this flap is totally sympathetically denervated. Pearl (1981) himself assumes this and Palmer's (1970) work lends credence to this view.) If the latter were true, then all sites should start to recover simultaneously from 18 hours onwards (Palmer 1970) .
Once flow starts to recover it proceeds within the first week at a constant rate, i.e., there seems to be a time limit on how fast the collaterals can open. This is the same throughout the flap and is not influenced by how low the flow was initially. It cannot, therefore, be related to the degree of ischaemia.
The finding of a constant differential in flow along the flap during the first week suggests that the recovery in flow is in the main due to collateral formation and not new vessel ingrowth across the scar. This is contrary to the final conclusions of Palmer et al. (1972) whose results are in many respects similar. They felt that flow was re-established by ingrowth of new vessels across the scar. This undoubtedly starts to happen after only a few days (Velander 1964 ), but would not appear to be a significant contribution functionally to total flow until the differentials are lost (i.e., until weeks 2-3). Indeed, this finding was confirmed in a study where the flap pedicles were divided (Marks et al. 1984b ).
Experiment 2
As the flap in Experiment 1 had only a relatively short, random-pattern portion available, this experiment was designed to examine the relationship between length and flow in an acutely raised random-pattern flap. Figure 7 shows a graph of percentage change in blood flow as a function of flap length, and reveals that the longer the flap the greater the reduction in flow. This is not surprising, but perhaps what may be is the linear relationship. The changes in reading at the base of the flap were similar regardless of the length of the flap. Flow readings were Conclusions: The linear relationship found for this random-pattern flap means that the fall in flow per centimetre length can be calculated and the theoretical limits set out for any such flap. In this case, flow will fall to zero at 8 cm from the base, and indeed flaps of this length tend not to survive. This would suggest a good correlation between LDV readings in flaps 24 hours after raising them and ultimate tissue survival. This corresponds to similar exactitude with fluorescein after the same interval (Sasaki & Pang 1980) .
Discussion
There seems no doubt that overall a skin flap's survival depends upon its blood flow. At best, the ischaemic period that skin can survive at body temperature is only a few hours (Kerrigan & Daniel 1982) . Hence to understand how and why skin flaps work it is necessary to understand their perfusion. There have been a number of methods concentrating on assessing microvascular flow. Radioactive microsphere distribution gives consistent results, but allows only a few measurements per flap (Guba et al. 1978) . Intradermal 133xenon clearance has also yielded good results (Palmer et al. 1972 , Young 1982 , Young & Hopewell 1983 , but this is an invasive method, the results of the injection alone increasing flow dramatically (Holloway 1980) . Four noninvasive methods of measurement have been described: (1) atraumatic epicutaneous xenon clearance, a development of the intradermal technique (Englehart & Kristensen 1983) ; (2) photoplethysmography (Harrison et al. 1981 , McCaffrey et al. 1980 ; (3) dermatofluorimetry, possibly the most reliable method ofassessment of immediate skin flap viability (Graham et al. 1983 , Silverman et al. 1980 , Wiseman et al. 1982 ; (4) laser Doppler velocimetry (Bonner et al. 1981 , Holloway & Watkins 1977 , Stern et al. 1977 , Watkins & Holloway 1982 , a recently developed technique which has now become commercially available.
Since Reinisch (1974) first proposed his theory on non-nutritive flow it has received general support. He felt there was initially significant flow in the distal parts of flaps in arteriovenous (AV) anastomoses. Whereas this could also be demonstrated by the laser Doppler in the first 24 hours, it did not seem to be relevant after this (Marks et al. 1948a ). The laser Doppler measures flow in at least some of these shunts (Englehart & Kristensen, 1983) and by 24 hours there is none beyond the ultimately surviving tip.
There is little in the present data to suggest that after 24 hours there is a gradual reduction of sympathetic tone as the neurotransmitter stores of the severed sympathetic nerve become exhausted. Instead, the data suggest a relatively simple relationship between flap length and initial depression of flow and its subsequent recovery.
Poiseuille's Law states that laminar flow 'Q' is given by the equation:
where r = radius of the tube; i = viscosity; 1 = length of the tube; p = pressure differential across the tube. Since the LDV is giving a measure of flow in both capillary loop and AV anastomoses, the value for Q for each of these parallel channels would be additive. It is difficult, therefore, to imagine a linear fall in Q being due to changes in the radius (r), as it is the fourth power of this variable that affects Q. As the length of each of the circuits does not change (from input arteriole to output venule) and may be assumed to remain constant, the fall in flow is presumably due to a linear decrease in pressure gradient with distance along the flap. This will, of course, be governed by the input (arterial) pressure and output (venous) pressure. These in turn will be determined by the capacity of the arterial and venous supply along the flap. The current data suggest that it is this pressure gradient that gradually increases over the first week. It must surely be this that is one of the crucial factors in the delay phenomenon, which corresponds to the same timescale. This explanation of the results conforms with the hypotheses of Cutting et al. (1982) . They demonstrated that an absolute perfusion pressure was necessary to maintain flow, and if the pressure gradient was below this critical level perfusion ceased. They postulated that the perfusion boundary in a skin flap forms at a point where perfusion pressure has fallen to the level of the critical closing pressure. They correlated the work of Milton (1969) (the rate at which dye advances along a flap) and Landis (1927) (the rate at which dye enters the interstitial space depending on intracapillary pressure) and concluded that there must be an intracapillary pressure gradient which gradually decreased with increasing distance from the base of the flap. This is precisely what the present data also suggest. Bardach et al. (1982) also concluded that perfusion pressure must decrease with distance along the flap. If this were not so, then distal demand for blood flow in AV shunts would decrease the surviving flap length in longer flaps. Their data refute this possibility.
